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MEASUREMENT OF CLADDING STRAIN 

DURING SIMULATED TRANSIENT TESTS 

D. R. Duncan, G. D. Johnson, 

C. W .  Hunter, and J. E. Hanson 

Hanford Engineer ing Development Laboratory 

ABSTRACT 

A diametral extensometer was developed and employed during tempera- 
ture ramp t e s t s  with the Fuel Cladding Transient Tester (FCTT). Plizstic 
s t ra in  measurements were performed using unirradiated %0% cold-worked 
A I S I  316 s tainless  s t ee l  tubing ramped a t  5.6 a?zd 111C / s  with in ter -  
nal pressures from 3.4 t o  93.1 MPa. Results demonstrated that  p las t ic  
deformation can occur a t  s tresses  well below the conventional 0.2% yieldc 
strength and that  most deformation i n  such t e s t s  occurs i n  the f inal 50C 
before failure.  

r /  

Postirradiation t e s t s  were performed on fuel pin cladding irradgated 
t o  5.8 x l o z 2  n/cm2 (E>0.1 MeV) with irradiat ion temperatures t o  540 C.  
The t e s t s  showed that ,  for t e s t  pressures of 17.2  MPa or less ,  the s tress-  
s t ra in  behavior was unchanged from unirradiated material behavior aZthough 
the s trains  a t  failure were decreased. 

- 

INTRODUCTION 

Cladding mechanical p rope r t y  data f o r  a n a l y s i s  and p r e d i c t i o n  o f  f u e l  

p i n  t r a n s i e n t  behavior  were ob ta ined under experimental  condi ti ons i n  which 

the  temperature ramps o f  r e a c t o r  t r a n s i e n t s . w e r e  s imu la ted  us ing  the  Fuel 

Cladding Trans ien t  Tester  (FCTT) . The FCTT t e s t s  were performed by i n -  

t e r n a l l y  p ressu r i z ing  sec t i ons  o f  t u b i n g  and s u b j e c t i n g  tnem t o  a con- 

s t a n t l y  increas. ing temperature w i t h  an i n d u c t i o n  c o i l  u n t i l  t he  speci -  

mens rup tured.  The pressure remains r e 1 3 t i v e l y  ccns tan t  



--\ - .. . . . --- .- 
throughout the t e s t ,  since the volume of gas inside the specimen i s  con- 

nected by a capi l lary tube to  a larger  volume of gas which remained a t  room 

temperature. 
FCTT t e s t s  pr ior  to  t h i s  work yiel'ded fa i  1 ure strength and ductil  i  ty 

data as a function of temperature. Results of postirradiation t e s t s  have 
shown a pronounced loss of cladding strength and d u c t i l i t y ,  which i s  
termed the "fuel adjacency ef fec t .  " ( 5 )  These data a re  useful in 

demonstrating conservatism of f a s t  reactor cladding temperature in tegr i ty  
1 imi t s  and demonstrating the simi 1 a r i  ty of cladding behavior between i n -  

reactor and out-of-reactor simulated t ransient  t e s t s .  ( 4 )  

Recently, a diametral extensometer was developed to continuously measure 
the specimen diameter during an FCTT t e s t .  The extensometer measures the 

specimen diameter a t  t w @  orthogonal orientations by contacting the specimen 
with fused s i l i c a  probes. These probes were attached to e l a s t i c  hinges 
which actuated 1 i near variable d i f fe rent ia l  transformer ( L V D T )  position: sen- 

sors .  A high-speed microprocessor i s  used to  record the extensoineter out- 

p u t  and sample temperature and pressure during the t e s t .  The system was in- 

s t a l l ed  in a hot-cell and t e s t s  were conducted on unirradiated and i r radiated 
cladding . 

- . -. . .---_.. ___r___.~_.___._ . .__ ..- -- - - d . .  . - .  - - .  - .. - ... . -. 
I---,- 

Data from the extensoneter will be used in mechanistic fuel pin per- 

formance codes to model flow behavior of fuel pin cladding during reactor 
t ransient  events. 

.. . 
DATA REOUCTION METHODS 

Due to the t ransient  temperature conditions, the extensometer diameter 
measurements nust be corrected for  the thermal expansion and temperature 
dependence of the e l a s t i c  modulus to  yield cladding p las t ic  s t r a i n  values. 

The corrections for  t h e  specimen diameter .change due to the temperature de- 
"W pendence of the e l a s t i c  modulus were based on lduclear Systems Materials 

 andb book(^) values and the data of Gibbes and dyatt,") which were f i t  

with the equations: 



f o r  T I 1043K 

. f o r  T y 1043K ! 
-. .- .-... ---- ...- ~--\-.. ---. -.- - .. . -- -- . - _  ---_.- .--*___ 

b i z  

where E* = 28 x 106 p s i ,  ! 
i 

E = e l a s t i c  modulus, - and 
I 

. T  = temperature, K. 
The teapera ture  dependence of Po isson 's  r a t i o  taken f rom t h e  Nuclear Systems 

M a t e r i a l s   andb book(^) was: 

where v = Poisson's  r a t i o ,  and 

T = temperature, K. 

The thermal expansion o f  the  u n i r r a d i a t e d  20% C.W. 316 s t a i n l e s s  s t e e l  t u b i n g  

was measured w i t h  t h e  extensometer f rom 370 t o  1 3 0 0 ~ ~ :  A l e a s t  squares f i t  

t o  the  data y i e l d e d  the  equat ion:  
4 

where aDT,% = percent  thermal expansion, and 

T = temperature, K. 

The standard e r r o r  o f  es t imate  o f  t he  equat ion  f i t  t o  the  measured data was 

0.028% o r  1.6 pm. The comparison o f  t he  thermal expansion g i ven  by Eq. ( 4 )  

w i t h  pub l ished T P R C ( ~ )  values shows t h a t  t he  average d i f f e r e n c e  i s  o n l y  0.010%. 

The c u r r e n t  measurements a l s o  extend t h e  a v a i l a b l e  thermal expansion data t o  

a h igher  temperature. 

The c o r r e c t i o n s  descr ibed above were used i n  t h e  f o l l o w i n g  manner 

t o  o b t a i n  p l a s t i c  s t r a i n :  

E = E p l a s t i c  : t o t a l  - E thermal - E e l a s t i c  
. . . , . -  . .  . . . .  . .. 



UNIRRADIATED SPECIMEN RESULTS 

Transient  t e s t s  on unirradiated 20% C.W.  316 cladding were performed 

with the  extensometer a t  5.6 and 111~ ' / s .  Constant gas pressures ranging 

.,. 
from 3.4 to  33.1 MPa produced Jeformati'on information from . . 370 t o  1230'~.  . 

Test parameters and resul ' ts  a r e  given in  Tab1 es I  and I  I ; the  resul t s  

a r e  presented as temperatures.during the  heating ramps a t  which spec i f i c  

p l a s t i c  s t r a i n  1  eve1 s (extensometer measurements mi nus thermal expansion 
.. .. . . -- -- --_: 

and e l a s t i c  s t r a i n )  were reached. Also given a r e  the  temperatures and 
s t r a i n s  a t  f a i l u r e ;  the  f a i l u r e  s t r a i n  i s  the uniform s t r a i n  determined 

from pos t - t es t  diameter -- - - -- - - - 
measurements along the  e n t i r e  specimen length a t  two angular o r ien ta t ions  

- --<. 

90' apa r t .  The breach locat ion was not included i n  the measurements.. 
- .-- --.-r*r 

The cladding p l a s t i c  s t r a i n  r e s u l t s  a t  5.6c0/s a r e  presented in Figure 

1  as a  function of temperature f o r  the  various pressures employed. The so l i d  
curves, representing the  cladding p l a s t i c  s t r a i n  a t  a  pa r t i cu l a r  constant  pres-  

/ sure ,  'demonstrate how th&majority of the deformation occurred in  the  l a s t  L 

5 0 ' ~  preceding f a i  1  ure. A1 so ,  the  s t r a i n  r a t e  increased with temperature 
-- 

during each t e s t .  Included in  each f igure  i s  a cor re la t ion  of t he  uniform 

diametral f a i l u r e  s t r a i n  obtained by micrometer measurement adjacent t o  the  
4 

f a i l u r e  s i t e  on the  specimen a f t e r  the  t e s t .  The deformation a t  the f a s t e r  
- .  - - - -  

r a t e , .  11 l c o / s ,  was s imi la r  t o  t h a t  a t  5.6c0/s except a  higher temperature 
- -  . - -  . ... - - - -..--- 

was required t o  produce the same amount of ~1 a s t i  c  G r a i n  as  shown in  F; gure 
I 

2. 

These r e su l t s  demonstrate t h a t  appreciable deformation can occur during 
a  t r ans i en t  a t  s t r e s s e s  much l e s s  than the  conventional 0.2% s t r a i n  y i e ld  

s t rength  value; e . g . ,  from 650 t o  9 2 5 ' ~  t h e  s t r e s s  to  produce 0.05% s t r a i n  

decreased from 70 t o  only 22% of the  conventional y i e ld  s t reng th  value. 

This r e s u l t  indicates  t h a t  a  cladding deformation model employi ng only e l a s -  

t i c  behavior u p  t o  the  conventional y ie ld  s t rength  will  not  c a l cu l a t e  plas-  
. . 

t i c  s t r a i n  which i s  ac tua l ly  occurring.  
, -- - 7. -. . 

1 . -  . . -. , . , , , . . . , . , - . -- . . .. ". ,.~. . ,. -.---"-- 
! 



. -. - . 
IRRADIATED SPECIMEN RESULTS q - - - -  .. - - +- 

Tests were a l s o  conducted on c ladd ing  specimens f rom i r r a d i a t e d  f u e l  

p ins .  These specimens had a  f a s t  fluen,ce o f  4  t o  6 X, n/cm2(E>0.1 MeV) 

and i r r a d i a t i o n  temperatures o f  380 t o  540'~. 

The e l a s t i c  modulus was measured on th ree  i r r a d i a t e d  c ladd ing  specimens 

and found t o  average 10% l e s s  than the  u n i r r a d i a t e d  m a t e r i a l  modulus. Below 

8 5 0 ' ~  the  thermal expansion measurements on one i r r a d i a t e d  specimen were 

i d e n t i c a l  t o  u n i r r a d i a t e d  m a t e r i a l .  Between 850 and 9 8 0 ' ~  t h e  expansion o f  

the i r r a d i a t e d  specimen was approximate ly  0.05% l e s s  than t h a t  f o r . t h e  un- 

i r r a d i a t e d  c ladd ing  specimen. 

The deformat ion r e s u l t s  o f  i r r a d i a t e d  f u e l  p i n  c ladd ing  t e s t s  a t  5.6c0/s 

a re  g iven i n  Table I 1 1  and compared w i t h  u n i r r a d i a t e d  c ladd ing  s t r e s s - s t r a i n  

behavior  i n  F igure  3. i t  temperatures above 7 5 0 ' ~ ~  the  p l a s t i c  s t r a i n  o f  t h e  

i r r a d i a t e d  m a t e r i a l  c l o s e l y  matched t h a t  o f  u n i r r a d i a t e d  ma te r i  a1 . However, 

a t  lower temperatures, l e s s  pressure was r e q u i r e d  than i n  u n i r r a d i a t e d  spec i -  

mens t o  produce the  same amount o f  s t r a i n .  Ana lys is  i s  s t i l l  underway t o  de- 

termine the  cause o f  t h i s  apparent s o f t e n i n g  o f  the  c ladd ing  s t r e s s - s t r a i n  
behavior a t  lower temperatures. A d d i t i o n a l l y ,  f u t u r e  a n a l y s i s  w i l l  be 

d i r e c t e d  toward mathematical c o r r e l a t i o n  o f  p l  as t i e  s t r a i n  as a  f u n c t i o n  

o f  temperature, s t r a i n  r a t e ,  and i r r a d i a t i o n  parameters. The c o r r e l a t i o n  

w i l l  u t i l i z e  the  Har t  equa t i on -o f - s ta te  approach used p r e v i o u s l y  i n  the 

FCTT f a i l u r e  and w i l l  a l s o  i nco rpo ra te  a v a i l a b l e  p e r t i n e n t  

t e n s i  1  e  t e s t  resu l  t s .  

IMPLICATIONS TO THE FUEL ADJACENCY EFFECT 

Cladding specimens taken f rom t h e  f u e l  column r e g i o n  o f  f u e l  p ins  have 

shown a  pronounced s t r e n g t h  and d u c t i l i t y  decrease d u r i n g  c e r t a i n  FCTT t e s t  

cond i t i ons .  ( 2 y 5 )  The c ladd ing  deformat ion behavior  may account f o r  some of 

t he  fea tu res  o f  t h i s  f u e l  adjacency e f f e c t  (FAE). The f a c t  t h a t  apprec iab le  

p l a s t i c  s t r a i n  l e v e l s  o f  0.05% occur  a t  s t resses  l e s s  t h a t  one-ha l f  t he  

convent ional  y i e l d  s t r e n g t h  c l a r i f i e s  how radi.at i .on-embri  ttl ed c ladd ing  w i t h  

a d u c t i l i t y  o f  0.05%can f a i l  a t  s t resses  w e l l  below t h e  convent ional  y i e ' i d  

s t reng th .  

The apparent s o f t e n i n g  o f  i r r a d i a t e d  cl .addi ng 

below 7 5 0 ' ~  would a l l o w  the  c ladd ing  s t r a i n  t o  reach the  r e q u i s i t e  f a i l u r e  

s t r a i n  a t  even a  lower  s t r e s s  t h a n  f o r  u n i r r a d i a t e d  m a t e r i a l ,  which co r re -  

sponds w i t h  the  maximum i n  the  FAE e x h i b i t e d  i n  t h i s  reg ion .  Thus, bo th  



decreased d u c t i l i t y  and a lower s t r e s s  required t o  achieve t h a t  d u c t i l i t y  

compound t o  produce the  FAE. A t  higher temperatures (>750oC) the  i r r ad i a t ed  cl addin 

deformation behavior i s  not d i f f e r e n t ,  so t h a t  the s t reng th  degradation re-  

sul ts only from the  decreased ,ducti  1 i t y .  Conssquently, a t  the  higher temp- 

e ra tu res  t he  FAE i s  a l so  l e s s  pronounc6d. \ 
i 
I 
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TABLE I 

RESULTS OF 5 .6c0/s TRANSIENT HEATING TESTS ON UNIRRADIATED 20% C.W. 31 6 STAINLESS .STEEL 

* Average specimen s t r a i n  f rom p o s t - t e s t  measurements away f rom breach l o c a t i o n .  

,** P r e s s u r i z a t i o n  a t  371°C caused 0.07% p l a s t i c  s t r a i n .  

Specimen 

N-30 

N- 28 

N-35 

11-34 

N-33 

N-4 

N-32 

N-31 

( N-29 

N-S 

N-26 

N-25 

N-24 

N-23 

14-22 

N-21 

N - 20 

N-18 

Uniform* 
Fai  1 u r e  
S t r a i  n ,% 

8.55 

9.70 

7.34 

5.08 

73.60 

2.45 

3.65 

4.60 

6.82 

2.60 

4.43 

3.00 

2.52 

1.26 

1.04 

0.65 

0.43 

0.61 

1 

Fa i  1 u r e  
Temperature, 
O c 

1276 

1193 

1148 

1082 

1036 

998 

992 

939 

898 

84 6 

81 6 

783 

757 

71 5 

694 

626 

576 

577 

Tes t  
Pressure, 
MPa 

3.5 

5.2 

6.9 

10.3 

13.8 

17.2 

20.7 

27.6 

34.5 

41.4 

48.3 

55.2 

62.1 

59.0 

75.8 

82.7 

89.6 

93.1 

Temperature f o r  I n d i c a t e d  

P l a s t i c  S t r a i n  Dur ing T rans ien t  Heat ing 

0.05% 
0 C 
9 1 0  

839 

832 

783 

766 

738 

749 

7 54 

729 

671 

668 

657 

624 

597 

577 

51 3 

460 

<371** 

1 .O% 
O C 
1202 

1117 

1863 

101 5 

999 

968 

956 

903 

853 

81 2 

786 

766 

747 

709 
- 
- 
- 
- 

2.0% 
O C  

1229 

1146 

1088 

1030 

1008 

979 

977 

923 

87 3 

832 

803 

780 

754 
- 
- 
- 
- 
- 

0.2% 
0 C 
1116 

1002 

986 

9 54 

927 

87 1 

857 

833 

7 82 

744 

7 38 

721 

703 

67.3 

654 

606 

566 

5 38 

0.5% 
0 C 

* 1173 

1079 

1026 

999 

985 

949 

924 

877 

823 

782 

767 

749 

733 

704 

685 
- 
- 
- 



TABLE I 1  

RESULTS OF 11 1 cO/s TRANS I ENT HEAT1 NG TESTS ON UNI RRADIATED ' 2 0 ~ .  W. 31 6 STAINLESS STEEL 

"Average specimen s t r a i n  f rom p o s t - t e s t  measurements away f rom breach l o c a t i o n .  

Specimen 

1'4-46 

N-45 

N-44 

N-49 

N-43 

N-42 

Tes t  
Pressure, 
MPa 

13.8 

27.6 

41 - 4  

55.2 
7 

69.0 

84.1 

Uniform* 
Fai 1 u r e  
S t ra in ,% 

7.65 

2.61 

3.57 

1.35 

0.61 - 

0.6.7 

- 

Fa i  1 u r e  
iemperature,  

C 

1101 

1018 
. 

921 

81 4 

729 

664 

L 

Temperature f o r  I n d i c a t e d  

P l a s t i c  S t r a i n  Dur ing T rans ien t  Heat ing 

9 

. 0.05% 

"c 
91 0 

873 

763 

70 3 

596 

51 6 

0.2% 

O E 
1042 

9 38 

828 

767 

703 

6 52 

0.5% 

O c 
1077 

985 

871 

797 
- 
- 

1 .O% 

\OC 
,1096 

101 8 

899 

81 4 
- 
- 

2.0% 

- 
- 

921 
- 
- 
- 



TABLE I 1  I 

RESULTS OF 5.6c0/s .TRANSIENT HEATING TESTS ON IRRADIATED 20% C.W. 31 6 STAINLESS STEEL 

* Average specimen s t r a i n  f rom p o s t - t e s t  measurements away f rom breach l o c a t i o n .  

** P r e s s u r i z a t i o n  a t  3 7 1 ' ~  caused 0.165% p l a s t i c  s t r a i n .  
+ Fai  1 u r e  a t  662OC. w i  t h  0.04% ex tenso le te r  s t r a i n .  

uniform* 
Failure 
S t r a i n  ,% 

0.67, 

0.67 

0.88 

1 .OO 

0.86 

0.31 

0.29 

'0 .06 

0.11 

0.85 

0.52 

0.56 

Fa i  1 u re  
~empera  t u r e  ,'c 

11 58' 

1165 

1074 

1036 

979 

914 

858 1 .  

662 

640 

831 

661 

589 
- - - - 

Specimen 

P-23C-101 K-G 

P-14-9-K 

P-23C-48C-B 

P-14-52-K 

P-14-72-E 

P-14-72-M 

P-14-52-F 

P-14-20-1 

P-14-?8-0 . 

P-23C-98JLD-1: 

P-14-28-H 

. P-23B-27B-K 

Temperature f o r  I n d i c a t e d  P l a s t i c  
S t r a i n  Dur ing T rans ien t  Heat ing Irr. T. a t  

Fai  1 u r e  S i t e ,  
O c 

470 

,542 

395 

51 1 

421 

. 543 

432 

507 

379 

568 

525 

49 5 

Tes t  . 
Pressure, 
MPa 

3.5 . 

3.5 

6.9 

' 10.3 

17.2 

17.2 ' 
22.4 

27.6 

41.4 ' 

41 - 4  

55.2 

69.0 

0.05% 

1020 

1038 1 

338 

792 

725 

782 

696 
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